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X6001, Potchefstroom 2520, South Africa; Division of Infectious Diseases and Geographic Medicine, Stanford University Medical School, 19070
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ABSTRACT

Mucormycosis is a group of diseases that is increasing in frequency. A common opportunistic
human fungal pathogen in this group is Rhizopus microsporus, which is a globally distributed
species present in soil-associated environments. A subset of isolates in this species host endobac-
teria that are hypothesized to influence fungal pathogenicity in both clinical and environmental
settings. We have limited understanding of how clinically and environmentally derived isolates are
related or how physiological attributes, including thermotolerance and endosymbiosis, are corre-
lated with population structure. Traditional molecular barcodes used to assess intraspecific rela-
tionships, such as ribosomal DNA internal transcribed spacer (ITS-rDNA)-based markers, do not
provide species-level resolution, necessitating analyses of whole genome data. In this study, we
generated novel whole genome sequencing data for six R. microsporus isolates and combined
these data with publicly available whole genome sequences of 46 R. microsporus isolates. We
evaluated these sequences to understand the evolutionary relationships among clinical and
environmental isolates using phylogenomic and single nucleotide polymorphism (SNP)-based
population genomics methods. We further studied their relationships by quantifying and compar-
ing potential physiological differences and endosymbiont presence in a subset of 16 isolates with
live cultures. We found that clinical isolates that originate from environmental settings contain
higher molecular diversity than subpopulations isolated from clinical settings. We observed that
environmental isolates grow faster than clinical isolates at temperatures between 22 and 37 C and
that 7 of 16 (44%) contain endobacteria in the genus Mycetohabitans (Burkholderiales). Lastly, we
observed that genome assembly size in R. microsporus is variable and that long-read sequencing
technologies greatly enhance our ability to investigate the underlying genomic features. Our study
provides a valuable backdrop for probing the basic biology and applied biomedical importance of
Rhizopus and related fungi that cause mucormycosis.
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INTRODUCTION

Rhizopus microsporus (Mucorales, Mucoromycota) is
a globally distributed fungal species that causes infec-
tions of plants and animals with major implications for
agriculture and medicine (Lackner et al. 2009; Jeong
et al. 2019; Prakash and Chakrabarti 2019, 2021;
Prakash et al. 2020). The relevance of R. microsporus
has been highlighted by the recent increased prevalence
of mucormycosis, a disease caused by R. microsporus
and related fungi that generally impacts immunocom-
promised individuals (Spellberg et al. 2009; Ibrahim

et al. 2012; Jeong et al. 2019; Prakash and Chakrabarti
2019). Study of the evolutionary history in this group
has been complicated by a complex taxonomic history,
which is partially based on very subtle differences in
micromorphology. This has led to multiple, sometimes
conflicting descriptions of species and varieties
(Schipper and Stalpers 1984; Zheng et al. 2007; Corzo-
Leodn et al. 2018). However, it is unclear whether such
distinctions reflect evolutionary processes or pathogenic
potential that could be inferred by constructing DNA
sequence-based genealogies. Further, the traditionally
used molecular barcodes, such as ribosomal DNA
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internal transcribed spacer (ITS-rDNA) barcode
sequencing, do not provide accurate species-level reso-
lution in this fungal group (Kontoyiannis and Lewis
2011; Millon et al. 2013; Skiada et al. 2018). Therefore,
phylogenetic and population analyses of whole genome
sequencing data are necessary to better understand the
diversity and evolutionary history of R. microsporus.

Rhizopus microsporus isolates have been demon-
strated to host endosymbiotic bacteria often related to
the genus Burkholderia and other Proteobacteria
(Partida-Martinez et al. 2007; Lackner and Hertweck
2011) that may facilitate fungal virulence via manipula-
tion of phagocyte behavior (Itabangi et al. 2022). These
endosymbionts, including Mycetohabitans species, pro-
duce secondary metabolites used to evade predators and
decay tissues (Partida-Martinez and Hertweck 2005;
Partida-Martinez et al. 2007; Lackner and Hertweck
2011; Lackner et al. 2011; Richter et al. 2024).
However, R. microsporus fungi do not consistently
host endobacteria, and much remains to be learned
regarding endosymbiotic taxonomic identity, interac-
tion mechanisms between endosymbionts and their
host fungi, and the ubiquity of endosymbiont functional
genomic content (Partida-Martinez et al. 2007;
Robinson et al. 2021; Itabangi et al. 2022; Uehling
et al. 2023; Carpenter et al. 2024). Better understanding
of endosymbiont ubiquity, abundance, and diversity is
necessary to evaluate their influence on fungal physiol-
ogy, including virulence.

The increasingly frequent mucormycosis infection
rates, especially associated with the outbreaks during
the COVID-19 pandemic, underscore the need to eval-
uate sources and infection mechanisms of clinical
R. microsporus isolates (Antoniadou 2009; Cheng et al.
2009; Pandey et al. 2018). Some R. microsporus isolates
are able to grow at human body temperature, which is
hypothesized to contribute to pathogenicity (Peixoto
et al. 2003; Dolatabadi et al. 2014; Kaerger et al. 2015).
However, environmental isolates live in locations where
temperatures regularly dip below freezing (0 C) and are
isolated from diverse clinical, environmental, and food
products, suggesting the existence of subpopulations
with variable physiologies and temperature tolerances
(Verweij et al. 1997; Zheng et al. 2007; Cheng et al. 2009;
Dolatabadi et al. 2014; Bowers et al. 2020; Prakash et al.
2020; Cabrera-Rangel et al. 2022).

In this study, we provide an account of genetic and
phenotypic diversity across 61 Mucorales isolates,
including 52 R. microsporus isolates from clinical and
environmental settings, using whole genome sequence
data in a phylogenomic and population structure frame-
work. To quantify potential phenotypic differences
between clinical and environmental isolates, we

measured radial mycelial growth rates in a subset of
our isolate collection at human body temperature
(37 C) and room temperature (22 C). In addition, we
explore the presence and phylogenetic relationships
between Rhizopus hosts and their endosymbiotic bac-
teria, which may play a critical role in host virulence.
This research serves as a foundation for future studies of
R. microsporus and the molecular mechanisms that
underpin its roles in the clinical and environmental
settings.

MATERIALS AND METHODS

Taxon sampling and culture conditions.—Data for
the analyses described here were obtained through
a combination of novel whole genome sequencing and
reanalysis of publicly available data from isolates
obtained in both clinical and environmental global
sources (FIG. 1, TABLE 1). We obtained raw, short-
read (Illumina, San Diego, CA) sequencing data from
46 previously sequenced and accessioned R. microsporus
isolates from the National Center for Biotechnology
Information (NCBI) Sequence Read Archive (SRA) and
GenBank (TABLE 1). We combined these data with
novel Illumina genome sequence data from cultures of
six isolates (CBS 112285, CBS 11563, ATCC 52812,
ATCC 56028, ATCC 56019, and NRRL 5549). We also
sequenced the following isolates: ATCC 62417, ATCC
52814, and NRRL 5546 with Nanopore sequencing tech-
nologies (TABLE 1). All physiological experiments were
performed at Oregon State University (OSU) in a BSL-2
(Biosafety Level 2) laboratory certified by the OSU
Institutional Biosafety Committee under Proposal 2524.

DNA extractions and Illumina genome

sequencing.—Fungal cultures were maintained on 2%
malt extract agar (Difco, Franklin Lakes, New Jersey) on
agar slants and in 60 mm X 15 mm Petri dishes sealed
with Parafilm and stored at room temperature. DNA
was extracted and analyzed for Illumina sequencing as
previously described (Uehling et al. 2017). Briefly,
hyphae were grown in malt extract broth (Difco) in
a shaking incubator (Infors HT, Basel, Switzerland) at
120 revolutions per minute (rpm) at 22 C for 7 days and
collected using a vacuum pump with sterilized
Miracloth (Millipore, Burlington, Massachusetts).
Fungal tissues were then homogenized in cetyltrimethy-
lammonium bromide (CTAB) extraction buffer
amended with proteinase K (VWR, Radnor,
Pennsylvania). After incubating at 65 C for 60 min,
a phase separation step was conducted twice with
a 24:1 mixture of chloroform:isoamyl alcohol (Sigma-
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Figure 1. Isolate origin for genome data of R. microsporus analyzed. Isolation sources are indicated by circle color as follows: clinical
(red), environmental (green), and unknown (black). Circle sizes reflect the number of isolates from each location in accordance with

TABLE 1.

Aldrich, St. Louis MO) before DNA was precipitated
with isopropanol (VWR). DNA pellets were washed
with 70% ethanol, dried overnight, resuspended in
nuclease-free water, qualified using a NanoDrop One
(Thermo Scientific, Waltham, Massachusetts), and
quantified with a Broad Range double-stranded Qubit
assay on a Qubit 2.0 fluorometer (Qubit, Waltham,
Massachusetts). Before sequencing, DNA samples were
purified using a genomic DNA Clean & Concentrator
kit (Zymo Research, Irvine, California), and DNA quan-
tity and quality were reassessed with Qubit. For Illumina
genomes, 2 x 150 paired-end reads were generated on
an Illumina HiSeq system (San Diego, California) at the
Genomics and Cell Characterization Core Facility at the
University of Oregon (Eugene, Oregon) at a read depth
of ~50x coverage (TABLE 1).

Nanopore genome sequencing.—For Nanopore gen-
ome sequencing, three isolates of Rhizopus microsporus
(ATCC 62417, ATCC 52814, and NRRL 5546) were
selected because they represent fungal diversity across
the environmental clade, they host diverse endobac-
teria, and they have a wide range of estimated genome
assembly sizes. For each isolate, fungal biomass was
split into five tubes, and DNA was isolated using the
extraction protocol described above. After extraction,
samples were checked via NanoDrop and Qubit for
quality and concentration, and replicate samples were
pooled for each isolate before being cleaned and

concentrated using a genomic DNA Clean &
Concentrator kit (Zymo Research). Samples were
assessed again for quality using a Qubit 2.0 fluorom-
eter. Samples with NanoDrop 260/280 ratio values of
~1.8-2.0 and 260/230 ratio values of ~2.0-2.2 were
used as quality cutoffs. Two micrograms of high-
molecular-weight DNA from each sample was used
for size selection and library preparation. Next, sam-
ples were prepared using a Ligation Sequencing Kit
V14 (Oxford Nanopore Technologies, Oxford, UK)
following the protocol provided by the manufacturer.
Samples were sequenced on a MinlON flow cell
(Oxford Nanopore Technologies) and were run
sequentially with a wash with a Flow Cell Wash Kit
(Oxford Nanopore Technologies) between runs. This
resulted in 2.8-6.7 GB of data, or ~56-134x coverage
per isolate for downstream analyses (TABLE 1).

PCR amplification and gene sequencing.—
Polymerase chain reaction (PCR) amplification of
rDNA genes for species/taxon identification was per-
formed using GoTaq Flexi polymerase (Promega,
Madison, Wisconsin) as previously published (Uehling
et al. 2017). The following primer pairs were used to
amplify the fungal internal transcribed spacer (ITS) and
bacterial endosymbiont 16S genes, respectively: forward
primer ITS1F/reverse primer ITS4R and forward primer
8 F/reverse primer 1492 R (White et al. 1990;
Reysenbach et al. 1992; Baker et al. 2003). PCR



Table 1. Mucorales isolates used in genomic analyses.

lllumina genome size

Nanopore genome size

Thermotolerance

Isolate®® Species (Mb) (Mb) Isolation source Geography assessed GenBank
16-129 R. microsporus NA NA Clinical USA Yes NA
16-88 R. microsporus NA NA Clinical USA Yes NA
17-102 R. microsporus NA NA Clinical USA Yes NA
21-01 R. microsporus NA NA Clinical USA Yes NA
460-P-21 R. microsporus 235 NA Clinical India No PRINA931319
415-P-21 R. microsporus 252 NA Clinical India No PRINA931319
ATCC 11559 R. microsporus var. chinensis 24.7 NA Unknown Russia No PRJNA330885
ATCC 52812 R. microsporus var. chinensis 28.5 NA Unknown USA Yes PRJNA942854
ATCC 52813 R. microsporus var. microsporus 26 NA Soil, environmental Ukraine Yes PRINA205957
*ATCC 52814 R. microsporus var. microsporus 253 40.3 Soil, environmental Republic of Yes PRJNA330886 /
Georgia PRINA1282220
ATCC 56019 R. microsporus 28.8 NA Unknown Unknown Yes PRJNA942854
*ATCC 62417 R. microsporus 42.6 59.9 Unknown Japan Yes PRJEB7410 / PRINA1282204
B07367 R. microsporus var. microsporus 24.4 NA Unknown USA No PRJ A526061
B06600 R. microsporus var. oligosporus 454 NA Clinical USA No PRJ A526061
B06590 R. microsporus var. oligosporus 44.1 NA Clinical USA No PRJ A526061
B05459 R. microsporus var. rhizopodiformis 24.4 NA Clinical USA No PRJ A526061
B07675 R. microsporus var. rhizopodiformis 244 NA Chest tissue, clinical USA No PRJ A526061
B07643 R. microsporus var. rhizopodiformis 24.4 NA Clinical USA No PRJ A526061
B07585 R. microsporus var. microsporus 28.5 NA Clinical USA No PRJ A526061
B07386 R. microsporus var. microsporus 29.7 NA Skin, clinical USA No PRJ A526061
B10187 R. microsporus var. rhizopodiformis 244 NA Wound, clinical USA No PRJ A526061
B08956 R. microsporus var. microsporus 28 NA Respiratory, clinical USA No PRJ A526061
B11541 R. microsporus var. microsporus 49.8 NA Clinical Argentina No PRJ A526061
B11543 R. microsporus var. rhizopodiformis 24.4 NA Femur, clinical Argentina No PRJ A526061
B11547 R. microsporus var. rhizopodiformis 244 NA Femur, clinical Argentina No PRJ A526061
B11535 R. microsporus var. rhizopodiformis 24.4 NA Clinical Argentina No PRJ A526061
B11553 R. microsporus var. rhizopodiformis 24.4 NA Knee, clinical Argentina No PRINA526061
B11550 R. microsporus var. rhizopodiformis 24.4 NA Knee, clinical Argentina No PRJ A526061
B11554 R. microsporus var. rhizopodiformis 44.6 NA Bone, clinical Argentina No PRJ A526061
B11549 R. microsporus var. rhizopodiformis 24.4 NA Environmental Argentina No PRJ A526061
B10548 R. microsporus var. rhizopodiformis 24.4 NA Clinical USA No PRJ A526061
B11523 R. microsporus var. rhizopodiformis 24.4 NA Sternum muscle, clinical Argentina No PRJ A526061
B11147 R. microsporus var. rhizopodiformis 244 NA Clinical USA No PRINA526061
B11532 R. microsporus var. rhizopodiformis 24.4 NA Abdominal fluid, clinical Argentina No PRJ A526061
B11531 R. microsporus var. rhizopodiformis 24.4 NA Bone, clinical Argentina No PRJ A526061
B11533 R. microsporus var. rhizopodiformis 25.1 NA Abdominal, clinical Argentina No PRJ A526061
B11552 R. microsporus var. rhizopodiformis 244 NA Clinical Argentina No PRJ A526061
B11557 R. microsporus var. microsporus 427 NA Renal tissue, clinical Argentina No PRJ A526061
B11556 R. microsporus var. rhizopodiformis 244 NA Knee, clinical Argentina No PRJ A526061
B11555 R. microsporus var. rhizopodiformis 25.1 NA Pericardial fluid, clinical Argentina No PRJ A526061
CBS 112285 R. microsporus var. microsporus 29.1 NA Ground nuts, Mozambique Yes PRINA942854
environmental
CBS 11563 R. microsporus var. microsporus 28.5 NA Sufu starter, Vietnam Yes PRJNA942854
environmental
CBS 344.29 R. microsporus 31.6 NA Unknown Russia No PRWEB 7409
CBS 357.93 R. microsporus var. azygosporus 36.7 NA Tempeh, environmental Indonesia No PRINA418064
GL-19 R. microsporus var. microsporus 355 NA Environmental USA No PRINA475137
NRRL 13129 R. microsporus 28.5 NA Unknown Africa No PRINA536200
*NRRL 5546 R. microsporus 27.7 249 Soil, environmental Brazil Yes PRIJNA537141 /
PRJNA1282205
NRRL 5547 R. microsporus 28.8 NA Soil, environmental Philippines Yes PRINA537142
NRRL 5548 R. microsporus 27.9 NA Soil, environmental Philippines Yes PRINA537143

(Continued)
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GenBank
PRJNA942854
PRINA537144
PRINA535095
PRINA535096
PRINA537145
PRIJNA535003
PRINA475137
PRINA765118
PRINA680572
PRJNA942854
PRINA184879
PRINA186013
PRINA537146
PRINA536201
PRINA676535
PRINA676550
PRINA184880

Thermotolerance
assessed
Yes
No
No
No
No
No
No
No
No
Yes
No
No
No
No
No
No
No

Geography
South Africa

USA
South Africa

South Africa
Unknown
Unknown

Philippines
USA

USA
Unknown

Unknown
Unknown
USA

USA
USA
USA
USA

Isolation source

Rabbit dung,
environmental

Unknown
environmental
Soil, environmental
Corn, environmental

Clinical
Soil, environmental

Clinical
Soil, environmental

Unknown

Creek sediment,
Unknown
Clinical

Clinical
Unknown
Unknown
Unknown
Clinical

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

9Bold indicates isolates with genome sequences generated in this project using lllumina short-read sequencing technology.

NA
bAsterisks indicate isolates with genome sequences generated in this project using Nanopore sequencing technology.

Nanopore genome size
(Mb)

lllumina genome size
(Mb)
27.8
27.7
29.6
27.7
28.8
279
244
293
42
37.6
37.8
36.7
383
449
44.8
424
326

Species

Circinella umbellata
Circinella angarensis
Mucor circinelloides

R. microsporus
R. microsporus
R. microsporus
R. microsporus
R. microsporus
R. microsporus
R. microsporus
R. microsporus
R. arrhizus

R. arrhizus

R. arrhizus

R. arrhizus

R. arrhizus
Circinella spp.

NRRL 13440
NRRL 5554
NRRL A-17693
NRRL 2417
NRRL 2628

RA 99-880
ATCC 56028
B8987

B7407

Table 1. (Continued).

Isolate®®
NRRL 5549
NRRL 5550
NRRL 5551
NRRL 5552
NRRL 5553
NRRL 5558
P3-GL61
XY03801
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amplicons were visualized via gel electrophoresis using
GelRed staining (Biotium, Fremont, California) on a 1%
agarose gel and viewed using a Gel Imager (Azure
Systems, Hayward, California). PCR products were pur-
ified using the ExoSAP-IT protocol (Thermo Fisher
Scientific, Waltham, Massachusetts), sequencing was
performed on an ABI 3730 capillary sequencing
machine by the Center for Quantitative Life Sciences
at Oregon State University (Corvallis, Oregon), and
DNA sequences were analyzed using Sequencher 4.0
(Gene Codes, Ann Arbor, Michigan).

Whole genome assembly, annotation, and
phylogenomic construction.—For the short-read,
whole genome sequences included in this study, raw
data were first treated using fastp 0.32.2 to trim
Nlumina TruSeq adapters and FastQC 0.11.9 to
remove reads with a Phred score less than 15 (Chen
et al. 2018). Ilumina paired-end reads were de novo
assembled using SPAdes 3.15.3, and contigs less than
500 base pairs in length were removed (Bankevich
et al. 2012). Funannotate 1.8.14 was used to remove
duplicate contigs, mask repetitive contig regions, and
perform genome annotation with the BUSCO
“Mucorales” database as gene evidence (Palmer and
Stajich 2020). The Mucorales database was utilized in
HMMER 3.32 to search for genes with an e-value
cutoff of le™>, and the remaining protein sequences
were aligned to the corresponding HMM profile
(Eddy 1996, 2011). To perform multiple sequence
alignment, trimAl 1.4 implemented a heuristic algo-
rithm to align the protein sequences found in all taxa
based on gap location and sequence similarity
(Capella-Gutiérrez et al. 2009). The protein sequence
alignments of each fungal taxon were concatenated
together prior to phylogenomic construction (Amses
et al. 2019). To determine the best substitution model,
ModelFinder was performed and implemented
through IQ-TREE 2.2.0 (Nguyen et al. 2015).
Maximum-likelihood analysis was implemented using
IQ-TREE with 100 bootstrap replicates, and the result-
ing data were plotted in R 4.1.2 (https://www.r-pro
ject.org) with Mucor circinelloides as an outgroup
(Kalyaanamoorthy et al. 2017; Minh et al. 2020).
Genome assembly sizes (TABLE 1) were determined
using the following workflow. Raw data were filtered
for quality using NanoFilt 2.8.0 with flags for Phred
<7 and length <100 and assembled with Flye 2.9.4
using the meta flag and an overlap parameter of
1000 or larger (De Coster et al. 2018; Kolmogorov
et al. 2019). Endosymbionts were removed from initial
assemblies by binning contigs using MetaBAT2 2.17
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and using nucleotide BLAST to distinguish between
fungal and bacterial bins. The resulting assemblies
were polished with Racon 1.4.20 followed by Medaka
2.0.1 (Medaka: Sequence correction provided by ONT
Research, https://github.com/rrwick/Unicycler, accessed
Feb 2025), and the final assembly was evaluated for
quality using QUAST 5.2.0 (Vaser et al. 2017; Kang
et al. 2019). Alignments are available in Supplementary
Material.

Single nucleotide polymorphism analyses.—We
evaluated the molecular divergence of fungal populations
by analyzing single nucleotide polymorphisms (SNPs)
from the genomes of each isolate. Raw reads were aligned
to a reference genome for Rhizopus microsporus isolate
B11533 using the Burrows-Wheeler Aligner (BWA) pack-
age (Li 2013). Assemblies were indexed, sorted, and con-
verted to BAM format using SAMtools 1.17 (Li et al. 2009;
Danecek et al. 2021). For a population analyses, BCFtools
1.9 was utilized to identify SNPs between each new assem-
bly and the reference genome (Li 2011). Upon detecting
a SNP, the corresponding locus was retained across all
taxa. A minimum alignment read depth threshold of 200
was applied, filtering out low-quality SNPs. The data set
was further refined to include only biallelic SNPs present
across all taxa at a single locus. For each taxon, the retained
SNPs were concatenated into a single genetic sequence,
which was subsequently used for analyses. The maximum-
likelihood analysis was performed with IQ-TREE 1.6.9
with 100 bootstrap replicates. To accurately compute the
SNP data, an ascertainment bias correction was imple-
mented to account for the removal of invariant loci in
conjunction with the general time reversible model. The
resulting phylogenetic tree was plotted using GGTREE in
R 4.1.2 (https://www.r-project.org) with M. circinelloides
as the outgroup (Nguyen et al. 2015).

We identified subpopulations by evaluating SNP
diversity and isolation source for each isolate. SNPs
were then curated and censored utilizing PLINK 1.9
(Purcell et al. 2007) to remove variants with a minor allele
frequency lower than 3% or missing call frequencies
greater than 15%. A comparison of the SNPs identified
between R. microsporus isolates was performed using
a principal component analysis (PCA) implemented
with the R package ADEGENET 2.1.8 (Jombart 2008).
Genetic admixture between R. microsporus populations
was determined using ADMIXTURE 1.3.0 for K values
1-8. A cross-validation error estimate was performed
using ADMIXTURE 1.3.0 to identify the most likely
number of subpopulations or K value given the genomic
data set (Alexander et al. 2009). The resulting data were
plotted in R 4.1.2.

Thermotolerance analyses.—We quantified radial
mycelial growth rates of 15 R. microsporus isolates (11
environmental and 4 clinical; TABLE 1) at varying tem-
peratures on agar plates. For each isolate, three technical
replicates were grown at 22 and 37 C in a randomized
design with three technical replicates (TABLE 1).
Isolates were cultured by placing 6-mm-diameter plugs
onto the center of 100 mm x 15 mm Petri dishes con-
taining 2% malt extract agar (Difco). To measure hyphal
growth, the circumference of the outer hyphal ring was
traced every 12 h until reaching the edge of the Petri
dish. The dish was divided into quadrants, and in each
quadrant the radius of hyphal growth was measured
in mm from the center to the edge of each ring, resulting
in four measurements for each time step. The radial
mycelial growth rate (mm/day) was determined for
each measurement, and the mean growth rate was cal-
culated for each technical replicate. For each isolate at
each temperature, the final mean growth rate was
obtained by calculating the mean across the three tech-
nical replicates. The significance of differences between
the isolation sources and temperature mean values was
determined by two-way analysis of variance (ANOVA)
with significance testing at a = 0.05. The resulting data
were analyzed and plotted in R 4.1.2.

RESULTS

Clinical isolates originate from environmental
diversity reservoirs.—We performed phylogenomic
analyses of 2385 single-copy orthologous genes
(FIG. 2) and a whole genome data set of 3 932 827 loci
containing SNPs to evaluate the evolutionary history of
Rhizopus isolates. In our analyses, we detected Rhizopus
species, R. microsporus and R. arrhizus, with bootstrap
support of 100% on all major nodes (FIGS. 2 and 3) and
forming a monophyletic clade sister to a Circinella clade
(FIG. 2). We found a terminal clade composed largely of
clinical R. microsporus var. rhizopodiformis isolates with
origins spanning North and South America (FIGS. 1-3).
Three misannotated isolates previously taxonomically
classified as R. microsporus in the ATCC and NRRL
culture databases were identified by our studies.
Isolates ATCC 56028 and NRRL 5554 form a well-
supported, monophyletic clade with R. arrhizus isolates
(FIGS. 2 and 3), whereas NRRL A-17693 is taxonomi-
cally grouped with Circinella spp. (FIGS. 2 and 3).

We further utilized the results of our Rhizopus
phylogenomic analyses to evaluate the diversity and
relatedness of regional subpopulations and isolates
from the environment compared with clinical sources.
The results of our gene- and SNP-based analyses
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suggest that isolates group into two clades with few
exceptions: one paraphyletic, basal clade of largely
environmental isolates and a more derived clade of
mostly clinical isolates that are less diverse and more
closely related to each other (FIGS. 2 and 3). We refer
to these groups as clinical and environmental clades,
respectively.

In the environmental clade, we found isolates from
diverse geographic locations, including the USA, Brazil,
the Philippines, Vietnam, Japan, the Republic of Georgia,
Africa, India, and Ukraine (FIGS. 1-3). Interspersed in
this clade are five clinical isolates: B08956 (USA), B07585
(USA), B07386 (USA), 460-P-21 (India), and 415-P-21
(India). In contrast, in the clinical clade, all but four
isolates were isolated from clinical settings in the USA
and Argentina. Isolates CBS 344.29 (USSR), CBS 357.39
(Indonesia), ATCC 11559 (USSR), and B11549
(Argentina) were grouped in the clinical clade but were
of environmental or unknown origin (FIGS. 2 and 3).

All clinical isolates from Argentina and those from
several other locations included in this analysis grouped
phylogenetically in the clinical clade with very few mole-
cular differences, indicating clonality (FIGS. 2 and 3). In
the environmental clade, the longer branch lengths
observed suggest greater molecular diversity and larger
effective population sizes (FIGS. 2 and 3). Together, these
results indicate that the environment harbors a pool of
molecular diversity and that a subset of these isolates go
on to infect patients in clinics, leading to clonal lineages.

We evaluated the population structure of whole gen-
ome SNP data to better understand population diversity
of R. microsporus using the program ADMIXTURE.
Cross-validation error analysis for the ideal number of
subpopulations in ADMIXTURE resulted in K = 8,
indicating there are most likely 8 subpopulations repre-
sented (FIG. 4). We then utilized a principal component
analysis to further visualize the SNP diversity within and
between subpopulations. The results further underscore
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the high diversity found in environmental sources and
a subset of more closely related isolates in clinical set-
tings, providing further evidence of a clonal lineage
(FIG. 3). Taken together, these results demonstrate the
global ubiquity of R. microsporus and that a subset of
isolates originating from the environment are isolated
from clinical settings.

Environmentally isolated R. microspores isolates
exhibit more variable growth rates than their
clinical counterparts.—We quantified radial mycelial
growth rates of fungal colonies on 2% malt extract agar
plates at 22 and 37 C to evaluate whether isolates from
clinical and environmental settings differ in their
growth rates at temperatures reflective of their isolation
sources. We found that there was a significant difference
in radial mycelial growth rates of all R. microsporus

isolates grown at 37 C, regardless of isolation source
(FIG. 55 ANOVA, P = 9.03e-08). Isolates grew
2.62 + 0.99 mm/day at 22 C, whereas the average growth
rate at 37 C was 4.46 £ 0.39 mm/day. However, when we
compared growth rates between isolates by isolation
source, we observed that environmentally derived iso-
lates grew more variably and rapidly than clinical iso-
lates at both temperatures, with a statistically significant
increase at 22 C (FIG. 5; ANOVA, P=0.022). We found
that the interaction between isolation source and tem-
perature was not significant (ANOVA, P = 0.23).

Bacterial endosymbionts of R. microspores exhibit
molecular diversity and irregular host association
patterns.—To evaluate bacterial endosymbiont pre-
sence and host association in our newly sequenced
Rhizopus isolates, we screened for bacteria using 16S
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rDNA sequencing and analyses. We detected endosym-
biotic bacterial DNA in 7 of 16 (~44%) of R. microsporus
culture isolates (TABLE 1). During homology-based
molecular analyses of the resulting 16S sequences, we
observed that R. microsporus isolates ATCC 52811,
ATCC 52814, CBS 112285, and NRRL 5546 hosted
endosymbionts closely related to Mycetohabitans endo-
fungorum isolate HKI 456 T. In contrast, isolates NRRL
5549, NRRL 5547, and ATCC 62417 hosted endobac-
teria closely related to M. rhizoxinica ATCC 27511. In
summary, we observed using 16S rRNA sequence
screening that less than half of R. microsporus harbored
Mpycetohabitans spp. endosymbionts related to
M. rhizoxinica and M. endofungorum.

Whole genome sequencing and assembly sizes
reveal genomic architecture variation in Rhizopus
microspores.—We compared genome assembly sizes
of clinical and environmental R. microsporus isolates
using new and publicly available sequence data.
Genome sizes for the five newly sequenced
R. microsporus isolates ranged from 27.8 to 29.1 Mb

(TABLE 1). The remaining R. microsporus whole gen-
ome short-read assemblies were between 23.5 and
49.8 Mb (TABLE 1). The assembly sizes for the addi-
tional four R. arrhizus isolates obtained from publicly
available, whole genome short reads were between 36.7
and 42.0 Mb (TABLE 1). To evaluate the accuracy of
our genome size estimates, we used Nanopore to rese-
quence a subset of R. microsporus isolates: NRRL 5546,
ATCC 52814, and ATCC 62417. Genome assemblies
based on Nanopore long reads produced assemblies
with sizes from 27.7 Mb to 59.9 Mb, an increase of
15.0-17.3 Mb in genome assembly size compared with
the assemblies derived only from Illumina data
(TABLE 1). To evaluate whether the changes in gen-
ome size were attributable to increased repetitive con-
tent, especially in isolates whose assembly sizes
increased significantly, we annotated transposable ele-
ments (TEs) using Earl Grey (Baril et al. 2024). We
found that the relative proportion of each genome
attributable to repetitive DNA, including TEs, was as
follows: ATCC 62417, 13.94%; ATCC 52814, 20.62%;
and 5546, 12.90% (SUPPLEMENTARY FIG. 1).
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DISCUSSION

We used population and phylogenomic approaches to
evaluate the evolutionary history and relatedness of
Rhizopus microsporus isolates, leveraging new and exist-
ing genome sequence data from a total of 61 isolates,
including 52 R. microsporus. We found that for isolates
with known isolation sources, two clades are supported:
one environmental clade with substantially more mole-
cular diversity and one clinical clade derived from the
environment (FIGS. 2-5). The clinical clade includes
a clonal subpopulation from Argentina, whereas the
environmental clade includes isolates from Africa,
North America, South America, Asia, and Europe. In
addition, we found evidence for active endosymbionts
only in the environmental clade (TABLE 1), and all
these isolates harbored endobacterial symbionts related
to the genus Mycetohabitans. It is important to acknowl-
edge that the geographic sampling of these species was
not evenly distributed and that clinical isolates were
overrepresented in our data set, likely due to an
increased focus on mucormycosis given recent events
and this emerging pathogen. In addition, we do not have
historical culturing method data, including antibiotic
treatment, for all isolates. However, similar studies
have found between 15% and 57% Burkholderiaceae-
related endobacteria (BRE) presence in Mucoromycota

isolates (Lackner et al. 2009; Okrasinska et al. 2021).
These data indicate that soil- and plant-associated
environments are a diversity reservoir for
R. microsporus and that a subset of these fungal species
infect humans in clinical settings. In concurrence with
our findings, the original paper that described the
Argentinian isolates found that isolates were separated
by between 60.0 and 912.0 bp with a mean difference of
430 SNPs between isolates, and they concluded that
these clonal isolates were transmitted indirectly from
a common source (Bowers et al. 2020).

To assess features that potentially differentiate clinical
and environmental isolates, we evaluated endosymbiont
presence and radial growth rate by temperature. We
found that only isolates from environmental settings
harbored endosymbionts and that endosymbionts were
present in less than half (~44%) of the total isolates
evaluated. We also observed that all endosymbionts
belonged to species of Mycetohabitans based on analyses
of 16S sequences. Although this is concurrent with recent
reports on endosymbiont abundance (Dolatabadi et al.
2014; Okrasinska et al. 2021; Uehling et al. 2023), we lack
culture metadata on many isolates included in this study
and therefore endosymbiont abundance may be higher
than these estimates. Our radial growth assays indicated
that all R. microsporus isolates grew significantly faster at
37 C compared with 22 C and that environmental isolates



grew significantly faster than clinical isolates (FIG. 5).
This suggests that in addition to the previous observation
that clinical isolates grow at 37 C (Han and Nout 2000;
Dolatabadi et al. 2014), clinical isolates may be selected
for more restricted growth patterns than their environ-
mental counterparts. Further, the variable and more
rapid growth of environmental isolates may be under-
pinned by the molecular diversity observed in this study,
which may enable insights into novel traits that facilitate
virulence in humans. Overall, these results suggest that
R. microsporus and R. arrhizus are well-supported species
and that some isolates in public culture and sequence
databases are potentially misannotated and can be
curated using comparative analyses of whole genome
data. In particular, isolate ATCC 56028 is currently acces-
sioned in GenBank and the ATCC culture collection as
R. microsporus but allies with the R. arrhizus in our
analyses (FIGS. 2 and 3), and it is listed as both species
in published literature. Gaining a more accurate under-
standing of fungal diversity and relatedness in this group
has large potential implications for physiological and
genetic studies assumed to have focused at the intraspe-
cific level and may shift currently accepted dogmas in
these fields. It is also important to note, given the recent
COVID-19-related Black fungus outbreak, that Indian
isolates are underrepresented in this study and were not
publicly available at the time of analyses. We found that
isolate 415-P-21 from India grouped with environmental
isolates in our analyses but cannot draw firm conclusions
about its origin or physiology without analyzing data
from other isolates in this region.

We observed a high level of variation in genome
assembly size in R. microsporus, ranging from 24.4 to
49.8 Mb, but there were no clear patterns within or
between clinical and environmental isolates (FIGS. 2
and 3, TABLE 1). The majority of isolates are approxi-
mately 23.0-30.0 Mb, whereas some are 36.0-43.0 Mb,
with assemblies up to 49 Mb when including Nanopore
sequencing data. Previous studies have suggested
a whole genome duplication event in the common
ancestor of R. microsporus and the closely related species
R. arrhizus (Ma et al. 2009; Gryganskyi et al. 2018). Our
comparison of genome assembly size using both
Mlumina- and Nanopore-derived data further indicates
that complex genomic architectures in R. microsporus
may be the rule instead of the exception. For example,
resequencing isolates ATCC 52814 and ATCC 62417
with Nanopore technologies increased genome assem-
bly sizes by 15.0 and 17.3 Mb, respectively (TABLE 1).
On the other hand, in isolate NRRL 5546, the assembly
from Nanopore data (24.9 Mb) decreased by 2.8 Mb
from the Illumina estimate (27.7 Mb). These differences
in assembly length are likely attributed to the long reads
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spanning repetitive genomic regions (Pollard et al.
2018). On the other hand, aneuploidy, polyploidy, het-
erokaryosis, and bacterial endosymbionts could be
responsible for assembly quality and size variation
(Naranjo-Ortiz et al. 2022). To begin teasing out these
contributing factors, we annotated TEs in our new
Nanopore genome assemblies. We found that
12.91-20.62% of each genome was TEs
(SUPPLEMENTARY FIG. 1), suggesting that in addi-
tion to previously observed whole genome duplication
and high TE content, other processes have contributed
to the very large genome assemblies in some isolates.
We note that although ATCC 62417 had the largest
genome of the three isolates sequenced by Nanopore
technology, it contained a similar genomic proportion
of TEs to its smaller conspecific isolates. These data
indicate that long-read sequencing increases the quality
of Mucoromycota genome assemblies and enables novel
insights into complexities of aberrant genomic architec-
tures, including duplicated and repetitive regions that
were not previously detectable when studying genomes
assembled from short-read sequencing technologies.
Investigating which genes or regions are duplicated in
R. microsporus genomes and whether these play
a functional role will be a necessary future focus for
the field. Together these data and analyses build
a foundation for further genomic and molecular
mechanistic studies.

In summary, we sequenced the genomes of
six R. microsporus isolates and combined these with 55
whole genome sequences available on NCBI SRA and
GenBank to assess relationships between clinical and
environmental R. microsporus (TABLE 1). Our study is
the largest data analysis for Rhizopus microsporus to
date (Gryganskyi et al. 2018; Bowers et al. 2020;
Nguyen et al. 2020) and is the first to connect environ-
mental diversity with clinical associations. We found
that there is a clinical subpopulation of isolates that
are derived from environmental sources and are gener-
ally less diverse and have fewer endobacterial associa-
tions. We also observed that the environmental diversity
reservoir is more physiologically diverse than clinical
isolates and that genomic architecture is variable across
R. microsporus regardless of the isolation source.
Together these results suggest that environmental
R. microsporus isolates are a diversity reservoir, includ-
ing genetic, physiological, and symbiotic diversity that
may enable variance in the subset of isolates that move
on to cause infections in clinical settings. Although
thermotolerance and endosymbiont-derived functional
traits may partially contribute to virulence in human
pathogenic Rhizopus species, there is much to be learned
about their biology. Gaining a fundamental
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understanding of R. microsporus genomic architecture,
endosymbiont status, and interaction biology in envir-
onmental populations will serve as a foundation for
future studies of virulence in these fungi.
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